Objective: To assess the utility of serum phospholipid fatty acid (FA) levels as a biochemical indicator of habitual dietary fatty acid intake in Japanese, whose diet is characterized by low fat intake and high intake of n-3 polyunsaturated fatty acids (PUFA) of marine origin. Subjects and methods: Eighty-seven male volunteers from four public health center districts that were part of the Japan Public Health Center based Prospective Study (JPHC Study) cohort I, were included in this study. Habitual intake of fatty acid was obtained by 7 day weighed dietary records four times (in one area only twice) in 1994 ± 1995. Blood was collected twice, in February and August of the same year, and the composition of FA in serum phospholipid was analyzed by gas chromatography. The correlation coef®cient between serum phospholipid FA levels and fatty acid intake was calculated. Results: High correlations were observed for eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA), which are marine origin n-3 PUFA (r 0.75, 0.49, 0.50, respectively). No signi®cant correlation was observed for saturated fatty acid (SFA), although the monounsaturated fatty acid (MUFA), palmitoleic acid and oleic acid intake were moderately correlated (r 0.22, 0.35, respectively). The correlations for EPA, DPA and DHA were similar in both samples collected in February and August. Conclusions: These data suggest that in populations with a high and stable over time intake of n-3 PUFA of marine origin, a single measurement of serum phospholipids re¯ects the ranking of habitual intake of marine origin n-3 PUFA.
Introduction
The relation between dietary intake of speci®c fatty acid (FA) and major disease such as cancer and heart disease has been investigated in many epidemiological studies (Rose, 1997a; Byers & Gieseker, 1997; von Schacky, 2000; Nerson, 1998) . The relations between biomarkers corresponding to intake of marine origin n-3 polyunsaturated fatty acids (PUFA) and lifestyle-related disease including coronary heart disease and speci®c cancers have also been investigated (Rose, 1997b; Seidelin, 1995) . In etiological studies, a biomarker is commonly used as a surrogate marker of actual dietary intake. The fundamental advantage of using a biomarker is that measurement errors are uncorrelated with errors in any dietary assessments (Andersen et al, 1999) . Although the composition of FA in adipose tissue re¯ects habitual dietary intake because of its relatively long half-life, the composition of FA in serum or plasma has also been demonstrated to be a biomarker of marine origin n-3 PUFA (Ma et al, 1995; Leaf et al, 1995; Han et al, 1995; Andersen et al, 1996 Andersen et al, , 1999 . However, the number of measurements needed to serve as a biomarker has not been investigated.
The dietary intake pattern of FA among Japanese has been different from people of other developed countries in terms of low total FA and saturated fatty acid (SFA) consumption and a high consumption of marine origin n-3 PUFA (Sato, 1990; Okita et al, 1995) . Hence, the composition of marine origin n-3 PUFA in serum is markedly high (Iso et al, 1989; Kobayashi et al, 1999) . In addition, it is conceivable that dietary FA intake varies in response to the availability of seasonal foods, which may in¯uence the FA level of biomarkers in Japan. Hence, it is important to ®nd a biomarker as a surrogate for habitual FA intake in Japanese. This would provide useful information for investigating the association between dietary intake of FA and disease.
In the present study, we assessed the utility of serum phospholipid FA levels as a biomarker of habitual dietary FA intake by elucidating the relation between the FA composition of serum phospholipid and the corresponding dietary FA intake assessed by four 7 day dietary records (DR) in Japanese men. Furthermore, we examined whether the FA levels in serum phospholipid collected at different times at a 6 month interval re¯ects the habitual intake of FA.
Materials and methods

Subjects
The subjects were a subsample of the participants in a Japan public health center-based prospective study on cancer and cardiovascular disease (JPHC Study) cohort I . A total of 122 men from the Ninohe public health center (PHC) area in Iwate Prefecture (n 27), the Yokote PHC area in Akita Prefecture (n 35), the Saku PHC area in Nagano Prefecture (n 30), and the Ishikawa PHC area in Okinawa Prefecture (n 30) were initially registered on a voluntary basis. The subjects provided 7 day weighed dietary records at four separate times. In Ishikawa, which has a sub-tropical climate, 7 day weighed dietary records were collected only twice because seasonal variation was not expected to be large. Of the 122 men, 87 subjects who completed 28 days (22 in Ninohe PHC, 25 in Yokote PHC, and 19 in Saku PHC) and who completed 14 days (21 in Ishikawa PHC) weighed dietary records and from whom blood samples were obtained were included in this study.
Weighed dietary records
The subjects provided 7-day weighed dietary records at four separate times (a total of 28 days): in winter (February ± March), spring (May ± June), summer (August ± September), and autumn (November ± December) in 1994. In the Ishikawa PHC area, 7 day weighed dietary records were collected in winter and summer in 1995. We collected weighed diet records over seven consecutive days. Research dieticians instructed the subjects to record all foods and beverages prepared and consumed in a specially designed booklet. The participants were asked to provide a detailed description of each food, including the methods of preparation and recipes, whenever possible. The dieticians checked the records at the subjects' home, workplace or a community center during the survey and reviewed them by a standardized method after completion.
The FA and other nutrient intake was calculated using the fatty acid composition table of Japanese foods (Science and Technology Agency, 1990 ) and the standard tables of food composition in Japan (Science and Technology Agency, 1982) . The table has missing values for some foods; thus, we substituted fatty acid composition for missing foods . There were no subjects using ®sh oil or other FA supplements.
Blood collection and laboratory analysis
Peripheral venous blood was taken just before 7 day weighed dietary records in February and just after those in August 1994 at the Ninohe, Yokote and Saku PHC areas. Blood was collected in the Ishikawa PHC area in February and August 1995 under similar conditions. The average fasting time was 6 h, and the range was 1 ± 17 h. After leaving the blood for an hour at room temperature to facilitate clotting, the serum was separated by centrifugation. Serum was stored frozen in an ice box with suf®cient dry ice until it was sent to the laboratories where it was stored at 780 C until being analyzed. The serum phospholipid FA levels were analyzed at the Division of Basic Nutrition, Kagawa Nutrition University. The serum lipids were extracted with dichloromethanea methanol (2a1; volavol). The phospholipid fraction was separated by thin-layer chromatography using a silica-gel plate and a solvent system of petroleum etheraethyl etheraacetic acid (82:18:1, volavolavol). Each phospholipid sample was then esteri®ed in the presence of methanolic HCl and analyzed by gas ± liquid chromatography (G-5000, Hitachi) equipped with a 0.25 mm Â 30 m capillary column (DB-225 J&B Scienti®c). The initial oven temperature was 140 C, and the rate of increase was 2 Camin until a ®nal temperature (220 C) was reached. Helium was used as the carrier gas with a¯ow rate of 30 mlamin. The temperatures at the injection port and the hydrogen¯ame ionization detector were both 260 C. The identity of 31 individual FAs was ascertained by comparing each peak's retention time with the retention times of synthetic standards of known FA compositions. The relative amount of each FA (percentage of total FAs) was calculated by dividing each FA by the total area for all FAs.
Statistical analyses
The mean and range were computed for fatty acid intakes from DR and serum phospholipid FA composition.
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Pearson's correlation was used to assess the relation between the speci®c or grouped FA content of the diet and that of serum phospholipids. Spearman rank correlation coef®cient was of similar magnitude (data not shown).
A multiple linear regression analysis was applied to examine the effect of dietary FA intake on the phospholipid FA composition with adjustment for possible confounding factors such as age, body mass index (BMI), alcohol intake and smoking status. Because the observed correlation coef®cients are likely to be attenuated as a result of within-person variability, we calculated the within-to between-person variance ratios, treating each week of DR as a unit of observation, and corrected for attenuation in the Pearson's correlation coef®cient (Hunter et al, 1992) . We used the formula r true r obs 1 lak p where r true is the corrected correlation coef®cient, r obs is the observed correlation coef®cient, l is the within-to between-person variance ratio for dietary FA measurements from DR, and k is the number of replicates per person for dietary FA measurements from DR (in this case k 4, each week of DR being a replicate). To compare the variability of serum phospholipid FA levels at different times, we calculated the mean level of two analyses of serum phospholipid FA and calculated an intra-class correlation coef®cient (ICC) using the following formula Pearson's correlation was used to assess the relation between dietary intake of FAs and serum phospholipid FA levels collected at different times, respectively. We also calculated the correlation coef®cient between each two measurements of serum phospholipid FA level and four periods of DR, respectively. All statistical analyses were performed using the SAS statistical software package (SAS Institute lnc., 1989).
Results
Characteristics of the participants are shown in Table 1 . Compared with male subjects in their ®fties from a national nutrition survey (NNS) in 1995 (Ministry of Health and Welfare, 1997) in which the subjects were randomly selected nationwide, the participants in the present study were slightly heavier and had a lower smoking rate. Other characteristics are comparable to those of the subjects of the NNS.
Mean FA compositions of serum phospholipid and the diet are shown in Table 2 . The fatty acids in which the proportion of total FA was less than 5.0% were not included in the table except for n-3 PUFA. The FA intake is expressed in two different ways: absolute intake (gaday) and percentage of total FA. Dietary intakes of SFA, monounsaturated fatty acid (MUFA) and PUFA were all b30% of total FA. Among these FA, MUFA accounted for the largest proportion of FA (37.7%). The dietary intake of marine origin n-3 PUFA (EPA and DHA) was 1.1% and 1.7%, respectively. In contrast, in the serum phospholipids, the largest component of FA was SFA (47.6%), followed by PUFA (38.9%), and MUFA (13.6%). The marine origin n-3 PUFA (EPA and DHA) accounted for 3.7% and 7.3%, respectively. The ratio of n-6 PUFA to n-3 PUFA intake was 3.7, and that in serum phospholipid composition was 2.3.
Correlations between the FA composition of serum phospholipid and dietary FA intake were calculated (Table 3) . We see from Figure 1 that the highest correlations were observed for EPA, DPA and DHA, which are marine origin n-3 PUFA, when intake was expressed as the percentage of total FA intake (r 0.75, 0.49, 0.50, respectively). With marine origin n-3 PUFA, the correlations between the FA (expressed as percentage of total FA intake) and the serum phospholipid composition were stronger than the correlations between the absolute amount of dietary FA (gaday) and the serum phospholipid composition. No signi®cant correlation was observed for SFA. For MUFA, palmitoleic acid and oleic acid expressed as a percentage of total FA intake was moderately correlated (r 0.22, 0.35, respectively). The marine origin n-3 PUFA intakes remained highly correlated with serum phospholipid composition after multivariate adjustment (data not shown). Within-to-between variance ratios were relatively small, both when expressed as a crude value and as a percentage of total FA intake. After correcting for attenuation, however, the correlation coef®cient was improved for marine origin n-3 PUFA.
There were no differences in the median and mean FA compositions of serum phospholipid between February and August (Table 4 ). The ICC of serum phospholipid FA levels at each time was more than 0.5 excluding myristic fatty acid and PUFA. The correlations between the FA intake (percentage of total FA) from DR and the serum FA level at each time were comparable, and the correlation of EPA, DPA and DHA were similar both in February and in August. The correlation coef®cient for MUFA, however, was higher in February than in August.
Discussion
In the present study, we assessed the daily FA intake pattern in free-living Japanese men and observed a high correlation between FA intake and FA composition in serum phospholipid of marine origin n-3 PUFA. We also found a high correlation between the intake of marine origin n-3 FA and the corresponding serum level at each different time. 
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The observed ICC for the composition of FA in serum phospholipid collected in February and in August was comparable and relatively high, with r ranging from 0.46 to 0.83. Based on the results (ie small difference in mean levels from two measurements of the FA composition of serum phospholipid, the comparatively high ICC, the small difference in correlation between the FA intake obtained from DR over 28 days and the respective levels of serum phospholipid FA, and the relatively high correlation between the two measurements of serum phospholipid and the daily DR 4 measurements for 7 days), it is considered that a single measurement of serum FA re¯ects the habitual marine origin n-3 PUFA intake in our study. It has been reported that serumaplasma phospholipids are much more likely to re¯ect acute dietary intake of the past few days or past few weeks (Kohlmeier, 1997; Riboli et al, 1987) . However, because the n-3 PUFA consumptions are rather high and stable in the subjects, the fatty acids composition of serum phospholipid are similar at the different times. 
The characteristics of FA intake in the present study were different from those of other studies. The participants in this study had a lower intake of SFA and a higher intake of PUFA compared with previously reported data (Ma et al, 1995; Nikkari et al, 1995) . In particular, EPA and DHA intake in this study was more than twice that in the EPA intake of 0.12 ± 0.43 (percentage of total fat), and the DHA intake of 0.23 ± 0.75 (percentage of total fat) observed in other studies (Ma et al, 1995; Tjonneland et al, 1993; Andersen et al, 1996) . In contrast, the participants in this study had a higher SFA content and lower PUFA content among serum phospholipid FA than in previously reported data, even though the EPA and DHA contents of serum phospholipid in this study were higher (Ma et al, 1995; Nikkari et al, 1995) . In another Japanese study, Okita et al reported the EPA and DHA content of serum phospholipid of rural and urban middleaged Japanese women was 2.8 and 4.6% in rural women, and 2.4 and 3.6% in urban women, respectively (Okita et al, 1995) . This was lower than the results of our study. It seems that the marine origin n-3 PUFA intake and serum phospholipid composition are very high, although the wide range of serum phospholipid compositions indicated a large variability in the subjects of this study.
We observed a high correlation between the dietary intake of marine origin n-3 PUFA (percentage of total FA) and the corresponding FA composition of serum phospholipid. The correlation observed for EPA (r 0.75) was higher than the correlation coef®cients of 0.20 ± 0.57 observed in previous studies for the correlation between dietary intake of EPA and EPA content in biological specimens such as adipose tissue, serum, and plasma (Ma et al, 1995; Tjonneland et al, 1993; Hunter et al, 1992; Andersen et al, 1996 Andersen et al, , 1999 . The correlations observed for DHA (r 0.50) were similar to the correlation coef®cients of 0.42 ± 0.56 observed in previous studies (Tjonneland et al, 1993; Ma et al, 1995; Andersen et al, 1996 Andersen et al, , 1999 . We see from Figure 1 that as compared to EPA, the slope of the regression line in DHA was small. Andersen et al stated that the proportion of DHA in plasma phospholipid is saturated at a daily intake of 0.5 ± 1.0 g of DHA. In the light of the high DHA intake level, the proportion of DHA in serum phospholipid might have saturated in this subject. The serum phospholipid level was more closely correlated with the relative proportion of dietary FA intake than the absolute intake (gaday). This is consistent with other reports (Hunter et al, 1992; Ma et al, 1995; Andersen et al, 1996 Andersen et al, , 1999 . It is reported that age, body mass index (BMI), alcohol consumption or smoking status may in¯uence the absorption, synthesis, or metabolism of serum fatty acids (Hjartaker et al, 1997) . No association between age, BMI, alcohol consumption or smoking status and marine origin n-3 PUFA composition of serum phospholipid could be detected in our study. It seems that consideration of the in¯uence of age, BMI, alcohol consumption or smoking status is not necessary when using the data of high marine origin n-3 FA consumption. Correcting the Pearson's correlation coef®cient for attenuation due to the within-to between-person variance ratio from the 28 days of DR for EPA and DHA increased the coef®cients by about 10%. Tjonneland et al reported that correction of the correlation coef®cients for EPA and DHA increased the coef®cients by about 30% (Tjonneland et al, 1993) . In the light of lower within-to between-person variance ratio of EPA and DHA, it is thought that ®sh consumption, which contributes to marine origin n-3 PUFA, is generally stable. We also observed a high correlation between dietary intake of MUFA (percentage of total FA) and the corresponding FA in serum phospholipid. In previous studies, the observed correlation between MUFA intake and the corresponding FA of biomarker was weak (Ma et al, 1995; Tjonneland et al, 1993) . It is reported that this is possibly because of the endogenous synthesis of MUFA from carbohydrate and the relatively large within-person variability and small between-person variability of oleic acid intake (Ma et al, 1995; Willett, 1998) . In this study, withinto-between variance ratios of oleic acid intake were not particularly large. However, this is not suf®cient to explain the high correlation between MUFA intake and the corresponding FA in the serum phospholipid.
In the present study, although the fasting time of six subjects was less than 4 h, the result was similar after excluding these six subjects. Data were not collected in May or November for the Ishikawa PHC area, and we cannot characterize its annual variation, but there seems to be no seasonality between February and August in the species of ®sh that contribute to marine origin n-3 FA intake in the Ishikawa PHC area. Another potential problem is that we did not ask for the kind of cooking oil used in DR. Therefore, we used mixed vegetable oil that was a mixture of seven parts soybean oil to three parts rapeseed oil because found that 67% of the subjects used mixed vegetable oil for daily cooking oil. This may distort the mean linoleic acid intake, mean alpha-linolenic acid intake and the relations between linoleic acid intake, alpha-linolenic acid intake and corresponding FA composition of serum phospholipid, because the intake of cooking oil contributes to the intake of these two types of FA.
In summary, we observed a high correlation between fatty acid intake and serum phospholipid level for marine origin n-3 PUFA, especially EPA, and a moderate correlation for MUFA. We also observed a high correlation between marine origin n-3 PUFA intake and serum level at different times at 6-month intervals. These data suggest that a single measurement of serum phospholipid provides a marker of habitual intake of marine origin n-3 PUFA in middle-aged Japanese men. However, studies using single measurement of serum phospholipid FA levels as an indicator of dietary FA intake should take into account the measurement errors.
